In response to signals such as WNTs, bone morphogenetic proteins (BMPs), and sonic hedgehog (SHH) secreted from surrounding tissues, somites (SMs) give rise to multiple cell types, including the myotome (MYO), sclerotome (SCL), dermatome (D), and syndetome (SYN), which in turn develop into skeletal muscle, axial skeleton, dorsal dermis, and axial tendon/ligament, respectively. Therefore, the generation of SMs and their derivatives from human induced pluripotent stem cells (iPSCs) is critical to obtain pluripotent stem cells (PSCs) for application in regenerative medicine and for disease research in the field of orthopedic surgery. Although the induction protocols for MYO and SCL from PSCs have been previously reported by several researchers, no study has yet demonstrated the induction of SYN and D from iPSCs. Therefore, efficient induction of fully competent SMs remains a major challenge. Here, we recapitulate human SM patterning with human iPSCs in vitro by mimicking the signaling environment during chick/mouse SM development, and report on methods of systematic induction of SM derivatives (MYO, SCL, D, and SYN) from human iPSCs under chemically defined conditions through the presomitic mesoderm (PSM) and SM states. Knowledge regarding chick/mouse SM development was successfully applied to the induction of SMs with human iPSCs. This method could be a novel tool for studying human somitogenesis and patterning without the use of embryos and for cell-based therapy and disease modeling.
Introduction
Developing a directed differentiation method for a desired cell type from PSCs is a necessary step for translating the study of PSC-derived cells into clinical applications. Forced expression of key genes is a promising strategy for organ-cell differentiation from PSCs and has improved our understanding of the genetic regulation of cell fate determination, organ morphogenesis, and organization during embryogenesis 1 . In addition, recapitulating the endogenous signaling environments, using the development of mouse and chick embryos as a roadmap, is considered essential for the directed differentiation of PSCs. However, given the application of PSC-derived cells in clinical studies such as cell-based therapies, the latter strategy is more suitable because it does not require gene manipulation.
Several studies have reported the induction of mesoderm from human and mouse PSCs in chemically defined conditions. Typically, these methods have relied on activin/nodal/transforming growth factor β (TGFβ) signaling and bone morphogenetic protein (BMP) signaling, believed to perform meso-endoderm and mesoderm differentiation, resulting in a low induction efficiency of the paraxial mesoderm (approximately 20%) 2 . In other words, the PSC-derived mesoderm induced by these signaling pathways was mainly lateral plate mesoderm, and not paraxial mesoderm. Recently, a few studies have demonstrated the efficient production of PSC-derived paraxial mesoderm based on different strategies 3, 4, 5, 6, 7, 8 . In these studies, PSCs were cultured with relatively high concentrations of glycogen synthase kinase 3 (GSK3) inhibitors (WNT signaling activators), consequently the induction efficiency of paraxial mesoderm reached 70%-95% 6, 7 .
In somitogenesis, the paraxial mesoderm first forms the presomitic mesoderm (PSM) posteriorly, and then forms somites (SMs) in the anterior part through mesenchyme-to-epithelial transition 9, 10 . Notch ligand Delta-like 1 (DLL1) is known to have a pivotal role during somitogenesis, as oscillatory control of DLL1 expression, both in mRNA and protein level, regulates SM segmentation. SMs eventually subdivide into two parts, giving rise to the dermomyotome (DM) dorsally and sclerotome (SCL) ventrally 11 . Subsequently, the DM differentiates into the dermatome (D), a precursor of the dermis, and myotome (MYO), a precursor of skeletal muscle; additionally, a ventral portion of SCL forms the syndetome (SYN), a precursor of tendons and ligaments 12 ( Figure 1) . Some researchers have reported the induction of PSC-derived SM derivatives such as MYO 4, 13 and SCL 8. Transfer into a collection tube, incorporated with a 35 µm nylon mesh in the cap for filtering, then place the tube on ice until sorting is complete. Perform the same procedure with the negative control sample (step 2.2.4). 9. Perform sorting using a flow cytometer according to the manufacturer's protocol. 10. Collect the sorted DLL1 positive cells into a 15 mL conical tube, containing 4 mL of CDM basal medium supplemented with 10 µM of Y27632. For total RNA extraction, centrifuge at 280 x g for 3 min then resuspend in RNA lysis buffer and store at -30 °C. See the RNA extraction, reverse transcription, and RT-qPCR procedures (section 5.1) for more detailed information. 11. Perform SM differentiation using the sorted cells according to the below protocol (section 3). . In the present study, WNT/beta-catenin signaling was inhibited using C59 to induce SM from PSM. However, we introduced the use of CHIR99021 to activate the WNT pathway during SM differentiation. This decision was made based on the finding that several WNTs are expressed in the surrounding tissues of SM and given the fact that WNT reporters are active in SM 20 . As a result, we observed epithelialization, a characteristic of SM in vivo, only under the condition with CHIR99021, based on the accumulation of CDH11 in cell-cell junctions ( Figure 2E ). This observation indicates the critical involvement of WNT signaling during PSM differentiation and SM epithelialization, therefore our protocol may better recapitulate the endogenous signaling environment. However, it also implies a further possibility of fine-tuning the WNT/beta-catenin signaling pathway during differentiation, because robustness and efficiency of differentiation might vary significantly depending on the cell types, cell lines, and various chemical compounds of WNT-inducers used by each researcher.
SM Differentiation from PSM
This method also allows us to generate all four SM derivatives, MYO, D, SCL, and SYN, from human iPSCs. Our stepwise protocols using CDM can be used to identify the signaling requirements during human somitogenesis/somite patterning, and provide important insights into human SM development. For example, our methods could be useful for studying segmentation clock mechanisms, a molecular oscillation system that regulates the formation of SM. It has been thoroughly investigated in mice, chicks, and zebrafish, but not in humans due to the lack of appropriate experimental tools.
Moreover, our method can be applicable to future clinical cell-based therapies. For example, human iPSC-derived D or SYN can be transplanted into severely injured skin or ruptured tendons for regeneration and treatment. However, several limitations need to be resolved before this method can be practically applied. Although in the present study, we used SNL feeder cells for iPSC maintenance and ECM solution, which is extracted from the Engelbreth-Holm-Swarm mouse sarcoma, as a surface coat on the dish during induction, these non-human animalderived reagents should be removed to improve clinical quality. In addition, cell quantity and quality, which includes the purity and maturation of the desired cells, must also be improved. Furthermore, not only the cell number but also the cell strength is an important characteristic for tendon/ligament regeneration. Additionally, the development of surface markers for purification and a novel method for 3D reconstitution are indispensable in order to advance our protocols to clinical cell-based therapies.
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